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complexes.	 It	 requires	only	 the	sequence	of	a	DARPin	and	a	structure	of	 the	unbound	
target.	 The	 procedure	 includes	 homology	 modeling	 of	 the	 DARPin,	 modeling	 of	 the	
flexible	parts	of	a	target,	rigid	body	docking	to	ensembles	of	the	target	and	docking	with	
a	 partially	 flexible	 backbone.	 For	 a	 set	 of	 diverse	 DARPin-target	 complexes	 tested	 it	
generated	a	single	model	of	the	complex	that	well	approximates	the	native	state	of	the	
complex.	We	provide	a	protocol	that	can	be	used	in	a	semi-automated	way,	and	with	tools	








Protein-protein	 interactions	 mediate	 most	 biological	 processes,	 including	 structural	
organization	of	the	cell,	extra-	and	intracellular	signaling	and	metabolic	pathways	[1-3].	
Specificity	 of	 these	 interactions	 is	maintained	by	 a	 unique	 spatial	 arrangement	 of	 the	
residues	that	form	the	contacts	between	the	molecules	[4].	A	single	protein	may	interact	
with	 multiple	 binding	 partners	 in	 orthogonal	 ways,	 leading	 to	 different	 biological	
effects	[5].	 Therapeutic	 proteins	 that	 only	 block	 some	 of	 these	 interactions	 would	 be	
desirable.	 In	 other	 instances,	 receptors	 can	 be	 blocked	 by	 bi-paratopic	 therapeutic	







if	 reagents	 that	mask	unwanted	 surfaces	 are	 available.	 Even	 in	 these	 favorable	 cases,	
there	are	usually	still	many	possible	binding	geometries,	and	the	exact	epitope	remains	
to	 be	 determined	 experimentally,	 typically	 by	 x-ray	 crystallography	 with	 extremely	
uncertain	time	lines.	Therefore,	a	method	to	reliably	predict	the	binding	mode	of	protein	







of	 energy	 functions.	 A	 number	 of	 protein-protein	 docking	 algorithms	 have	 been	
developed,	 e.g.,	 ZDOCK	[7],	HADDOCK	[8],	 PIPER	[9],	 SwarmDock	[10],	 GRAMM-X	[11],	
DOCK/PIERR	[12],	 Hex	 FFT	[13],	 ATTRACT	[14]	 and	 RosettaDock	[15].	 Their	










approaches,	 like	 softened	 energy	 functions	 to	 tolerate	 clashes	 or	 exploiting	 different	
binding	models	 (induced-fit	 or	 conformational	 selection)	 that	 take	 into	 account	 small	
conformational	changes	upon	binding	[19,	20].		
The	 algorithms	 are	 typically	 evaluated	 on	 a	 diversified	 benchmark	 set	 that	 includes	







12%	[17].	 To	 improve	 ranking	 of	 the	 near-native	 solutions,	 many	 more	 re-scoring	
functions	 have	 been	 developed	 but,	 overall,	 they	 improve	 prediction	 only	 to	 a	 small	
extent	[23,	24].	
Because	 of	 these	 low	 success	 rates,	 modeling	 strategies	 have	 been	 proposed	 that	 are	






The	 need	 for	 computational	 modeling	 of	 protein	 binders	 is	 reflected	 by	 the	 constant	
interest	 in	 antibody	 docking	 and	 design	[25-27].	 Modeling	 antibodies,	 however,	 is	
particularly	 challenging	 because	 their	 binding	 mode	 involves	 the	 interaction	 of	 six	
complementarity-determining	loops,	some	of	which	are	considerably	flexible.	Designed	
Ankyrin	Repeat	Proteins	 (DARPins)	are	antibody	mimetics	[28]	with	a	broad	range	of	
applications	[29].	 Analogously	 to	 antibodies,	 they	 can	 be	 selected	 from	 randomized	
libraries	 against	 an	 arbitrary	 target	 protein	 of	 choice.	 They	 are	 very	 stable,	 easy	 to	
produce	 and	 to	 handle	[28,	 30].	 DARPins	 have	 a	 big	 potential	 for	 diagnostics	 and	 as	
therapeutics	[31].	For	instance,	a	DARPin	can	distinguish	between	the	active	and	inactive	
active	 form	 of	 a	 kinase	[32],	 detect	 tumor	 cells	 with	 specificity	 higher	 than	 the	 FDA-
approved	 antibody	[33],	 target	 adenovirus	 to	 the	 specific	 tissue	[34],	 or	 induce	 cell-
specific	apoptosis	[6].	At	present	 (May	2019)	 several	DARPins	are	undergoing	clinical	
trials	 (ClinicalTrials.gov	 Identifier:	 NCT03418532,	 NCT03136653,	 NCT02194426,	
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individual	 target.	 It	 consists	 of	 steps	 performed	 within	 the	 Rosetta	 modeling	
software	[35]	 and	 ClusPro	 docking	 algorithm	[36],	 and	 is	 based	 on	 newly	 developed	
scripts	and	new	scoring	and	 filtering	approaches.	We	 thus	established	a	protocol	 that	
correctly	 predicted	 seven	 out	 of	 seven	 complexes,	 which	 included	 diverse	 targets	 of	
different	 sizes	 and	 folds,	 bound	 to	DARPins	derived	 from	different	 selection	 libraries.	
This	single	protocol	not	only	predicted	near-native	structures	of	all	these	complexes	as	
single	 top-scoring	 model,	 but	 importantly	 also	 the	 complexes	 that	 were	 not	 used	 in	



















growth	 factor	 receptor	 2	 (HER2_IV)	[37],	 DARPin	 3g124	 bound	 to	 GFP	[38],	 DARPin	
44C12V5	bound	to	interleukin	4	(IL4)	(PDB	ID:	4YDY,	unpublished),	DARPin	K27	bound	















used	 as	 a	 co-crystallization	 chaperone	 was	 discovered	 to	 stabilize	 BCL-W	 in	 a	
conformation	 typical	 for	 other	 members	 of	 the	 BCL-2	 family	[42].	 Similarly,	 APH	
undergoes	 a	 significant	 conformational	 change	 upon	 binding	 (two	 helices	 spread	 to	

















Homology modeling of DARPins 
We	 developed	 a	 set	 of	 templates	 for	 DARPin	 modeling	 with	 Rosetta	 (Supplementary	
Files).	The	templates	are	PDB	structures	of	consensus	N3C	DARPins	with	different	caps	
(PDB	 ID:2QYJ,	2XEE),	 or	N2C	 structures	derived	 from	 them	by	 removal	of	 the	 second	
internal	repeat	(details	in	Supplementary	Methods).	These	templates	were	used	as	input	
structures	 for	 fixed	 or	 flexible	 backbone	 design	 followed	 by	 all-atom	 refinement	 (see	
Methods	for	details).	After	clustering,	we	obtained	models	with	<1	Å	Cα	RMSD	from	the	
corresponding	crystal	structures	of	the	DARPin	within	the	complex	(Fig.	2).	This	suggests	
that	 the	 homology	 modeling	 of	 DARPins	 is	 rather	 straightforward	 because	 of	 their	
rigidity.	As	expected,	the	largest	discrepancies	occur	within	the	loop	regions.	
Receptor modeling 
Proteins	 are	 flexible	 and	 undergo	 conformational	 changes	 upon	 interacting	 with	 one	














fluctuation,	 RMSF)	 are	 calculated.	 With	 an	 RMSF	 cut-off	 of	 0.2	 Å,	 9-52%	 of	 receptor	
residues	were	considered	as	flexible	(Table	1)	and	their	backbone	atoms	are	then	allowed	
to	 be	 moved	 by	 Rosetta	 backrub	 to	 generate	 loop	 ensembles	 that	 are	 later	 used	 for	
docking	(Fig.	3).	
Interestingly,	ensembles	 that	mimic	 the	bound	state	best	are	structurally	only	slightly	





Rigid-body docking with ClusPro 
ClusPro	is	one	of	several	docking	servers,	freely	available	for	academic	use.	It	is	based	on	
the	PIPER	 algorithm	 that	 performs	Fast	 Fourier	Transform-based	 rigid-body	docking.	
PIPER	samples	and	scores	billions	of	receptor-ligand	poses	[9].	The	key	step	in	ClusPro		

















extensive	 efforts	 to	 evaluate	 the	 200	 (10	 each	 from	 the	 20	 receptor	 conformers)	
produced	models	 (mostly	using	Rosetta,	 testing	 a	 variety	of	 parameters	 and	different	
rescoring	 strategies).	 This	 led	 us	 to	 extending	 the	 clustering	 approach,	 inspired	 by	







distant	 from	 the	 native	 conformation	 (see	 Average	 L-RMSD	 in	 Table	 2	 or	 Fig.	 S3).	
Whereas	in	most	cases	centers	of	2-Å	clusters	did	not	change	compared	to	centers	of	5-Å	
clusters	 (suggesting	 a	 symmetric	 distribution	 of	 decoys	 around	 the	 cluster),	 the	 2-Å	
center	for	GFP	complex	shifted	significantly	towards	native	from	25.5	Å	to	~3.9	Å.	Based	
on	 these	 observations,	 we	 considered	 the	 three	 largest	 5-Å	 clusters,	 clustered	 them	
further	within	a	2	Å	radius	and	took	the	centers	of	these	sub-clusters	for	the	next	steps.	




































cluster,	 nor	 were	 scores	 accounting	 for	 binding	 energy	 (dG_separated),	 packing	






















models	 after	 sequential	 clustering	 (see	 Table	 2).	 According	 to	 CAPRI	 definitions,	 we	
ended	up	as	the	top	scoring	model	for	each	complex	with	five	medium	quality	models	and	
two	acceptable	models	as	the	single	model	(top	line	in	Table	3).	We	consider	this	as	a	
refinement	 success.	 Interestingly,	 in	 all	 cases,	 even	 better	 solutions	 (closer	 to	 native)	










The	 strategy	 has	 been	 optimized	 with	 structures	 of	 diverse	 complexes	 and	 tested	 on	
these,	as	well	as	on	additional	unrelated	complexes.	In	all	cases	we	were	able	to	obtain	a	










Whether	 ensembles	 may	 increase	 docking	 success	 rates	 has	 been	 previously	
discussed	[19,	49].	We	believe	that	in	the	case	of	small	conformational	changes,	where	
the	epitope	does	not	have	to	be	first	uncovered,	or	significantly	move	towards	the	bound	


















clustering	of	models	containing	only	 the	ensemble	of	 target	 structures	 (instead	of	 the	
single	 structure)	 allowed	 narrowing	 the	 200	 models	 from	 ClusPro	 to	 the	 three	 most	
populated	groups	(clusters),	one	of	which	was	in	all	cases	near-native.	
The	 second	 challenge	 was	 to	 distinguish	 the	 correct	 model	 out	 of	 the	 three	 highest-
ranking	 clusters.	 We	 took	 the	 cluster	 centers	 as	 a	 starting	 point	 for	 high	 resolution	









perturbations	 (because	 they	 lie	 in	a	narrow	energetic	minimum	and	 thus	 in	a	narrow	
minimum	of	the	scoring	function).		
An	 alternative	 approach	 of	 exploring	 the	 local	 minima	 of	 the	 scoring	 function	 was	
proposed	by	Kozakov	et	al.	[51].	There,	the	stability	of	the	cluster,	corresponding	to	the	
broadness	of	the	energy	funnel,	is	assessed	by	the	convergence	of	cluster	members	to	a	













approximation	 of	 the	 binder’s	 position,	 sufficient	 to	 redesign	 the	 less	 promising	
candidates	 by	 rational	 mutagenesis,	 or	 designs	 of	 flexible	 or	 rigid	 linkers	 that	 often	
connect	 DARPins	 to	 each	 other	[37],	 or	 to	 other	 functional	 moieties	 that	 should	 not	
interfere	 with	 binding	 (small-molecule	 drugs,	 dyes,	 PEG)	[52].	 On	 the	 other	 hand,	













we	 could	 still	 identify	near-native	models.	 In	KRAS,	 an	entire	helix	 shifts	 towards	 the	












helices,	was	not	 recognized	as	 flexible	by	 the	Rosetta	backrub-based	method.	For	 this	
reason,	we	also	tried	to	recapitulate	the	bound	state	with	another	recently	published	tool	
—	CABS-flex	 2.0	[55].	 This	method	was	 trained	 on	 a	 database	 of	molecular	 dynamics	
simulations	 and	 might	 be	 expected	 to	 better	 reflect	 larger	 conformational	 changes.	
Nevertheless,	 also	 CABS-flex	 2.0	 evaluated	 this	 epitope	 as	 rigid,	 emphasizing	 the	
challenge	 of	 sampling	 the	 rarely	 populated	 states.	 It	 is	 conceivable	 that	 the	
conformational	change	within	the	epitope	becomes	only	energetically	accessible	in	state	
already	partially	bound	by	the	DARPin,	which	would	make	modeling	of	such	complexes	





BCL-W	contains	 large	 flexible	 loops	and	 long	 flexible	 termini,	one	of	which	covers	 the	
epitope	in	the	unbound	structure	of	the	protein.	In	this	case,	only	very	harsh	sampling	of	
the	loop	could	perhaps	uncover	the	epitope.	Interestingly,	the	bound	structure	of	BCL-W	
makes	 it	 more	 similar	 to	 the	 structure	 of	 other	 BCL-2	 family	 members	[42],	 again	
suggesting	that	this	conformation	must	be	populated	to	some	degree,	or	binders	would	
not	have	been	selected.		












most	 likely	 because	 the	 epitope	 is	 very	 rich	 in	 lysines,	 which	 are	 statistically	 rare	 at	
protein-protein	interfaces	[57]	and	thus	receive	a	low	probability.	In	such	a	case,	ClusPro	
would	also	likely	fail	in	docking	of	unbound	structures	or	homology	models,	which	is	even	
more	 demanding.	 Interestingly,	 in	 this	 particular	 case,	 the	 use	 of	 'antibody	 mode'	 in	








we	 investigated,	 i.e.,	 monomeric	 receptors	 of	 limited	 size	 –	 which	 are	 very	 often	 the	
targets	used	for	selections	–	it	seems	that	most	DT	complexes	involving	such	receptors	










Acknowledging	 the	 above	 limitations,	 the	 strategy	 presented	 here	 may	 be	 robust	 to	
predict	a	number	of	DT	complexes,	provided	that	the	target	is	not	too	flexible.	What	we	








The	 three	 complexes	 that	 would	 not	 be	 predictable	 with	 the	 presented	 strategy	 are	
characterized	by	 significant	 conformational	 changes	upon	binding,	 or	 involved	a	non-
canonical	 contribution	 to	 the	 binding	 mode	 of	 a	 DARPin	 (partial	 contribution	 via	 the	




after	 the	 sequential	 clustering,	 ending	with	 three	models	 that	 contain	 a	 lower-quality	
near-native	structure.	Remarkably,	we	did	not	use	any	biochemical	data	at	all	to	navigate	




the	 energy	 functions	 nor	 included	 any	 known	 DARPin-specific	 statistical	 potentials.	
Therefore,	 it	 is	 likely	 that	 the	 approach,	 including	 ensemble	 docking	 with	 sequential	
clustering,	 as	 well	 as	 comparing	 average	 p2gs	 score	 of	 clusters	 in	 Rosetta	 could	 be	
extended	 to	 other	 protein-protein	 complexes,	 especially	 those	 including	 other	 rigid	
protein	scaffolds,	e.g.,	like	leucine-rich	repeat	proteins	or	affibodies.		
Methods 
Software and hardware 











necessary,	 with	 the	 flexible	 backbone	 design	 protocol	[62].	 Models	 were	 refined	 with	
Rosetta.relax	[63]	in	40	independent	trajectories,	and	the	models	were	clustered	within	




protein	 segments	 were	 calculated.	 Residues	 in	 segments	 with	 RMSD	 >	 0.2	 Å	 were	




The	 top	 10	 solutions	 of	 each	 simulation	 were	 combined	 (200	 models)	 and	 clustered	




Supplementary	 Files.	 It	 was	 based	 on	 Wang	 et	 al.	[46],	 the	 synthesis	 of	 valuable	
23	
	
suggestions	 from	 the	 RosettaCommons	 community	
(https://www.rosettacommons.org/forum)	and	further	optimization.	Protein	segments	
considered	 as	 flexible	 were	 receptor	 loops,	 as	 determined	 above,	 and	 DARPins	 loops	
(details	 in	 Supplementary	 Information).	 Site	 constraints	 in	 the	 functional	 form	 of	
(1/(1+exp(–m*(x–x0)))	 –	 0.5	 were	 used	 throughout	 the	 simulation,	 where	 x0	 is	 the	
center	of	the	sigmoidal	function	and	m	is	the	slope.	The	constraints	were	centered	at	8	Å.	
Repulsive	constraints	had	a	slope	set	to	-2.0.	Attractive	constraints	had	a	slope	set	to	+2.0	






Carlo	 minimization	 (MCM).	 Each	 cycle	 consisted	 of	 a	 random	 perturbation	 (Gaussian	
distribution	around	0.1	Å	and	3°),	 repacking,	minimization	of	 side	chains	at	 interface,	
repacking	and	minimization	of	backbone	and	side	chains	of	segments	defined	as	flexible.	
For	all	minimization	steps	within	the	cycle,	the	Ref2015	score	function	was	used	[66].	A	
single	 MCM	 cycle	 was	 evaluated	 using	 the	 Metropolis	 criterion	 on	 the	 docking	 score	
function	[48].	An	example	of	constraint	file,	fold	tree	and	the	full	script	can	be	found	in	








Computations	 were	 performed	 with	 infrastructure	 provided	 by	 S3IT,	 the	 Service	 and	
Support	 for	 Science	 IT	 team	 at	 the	 University	 of	 Zurich	 (www.s3it.uzh.ch).	 We	 thank	
Hamed	 Khakzad	 and	 Dr.	 Lars	 Malmström	 for	 the	 help	 with	 setting	 up	 Rosetta	 on	 a	




















































































































































































































generation	 C-cap,	 called	 Mut5).	 Final	 models	 (magenta)	 were	 structurally	 aligned	 to	
crystal	structures	of	the	DARPin	within	the	complex	(green)	and	Cα	RMSD	was	calculated.	
3H10	(PLK1	binder)	was	a	special	case	where	the	C-cap	of	the	N3C	template	was	removed	








on	 the	 unbound	 structure	 of	 the	 receptor	 (magenta).	 (c)	 Unbound	 structure	 of	 the	








axis	 midpoint	 is	 at	 the	 mean,	 and	 the	 axis	 stretches	 symmetrically	 to	 the	 observed	
minimum	(with	a	 further	distance	of	10	REU	on	either	side)	and	 the	same	distance	 is	





Fig.	 5.	 Final	models	 according	 to	 binding	 energy	 (dG_separated)	 (cf.	 Table	 3).	Models	
(blue)	were	structurally	aligned	to	receptors	in	crystal	structure	complexes	(green)	to	
indicate	the	position	of	the	DARPin	(reflecting	the	different	L-RMSD	values).		
